Kiyatkin EA, Smirnov MS. Rapid EEG desynchronization and EMG activation induced by intravenous cocaine in freely moving rats: a peripheral, nondopamine neural triggering. Many important physiological, behavioral, and psychoemotional effects of intravenous (IV) cocaine (COC) are too fast and transient compared with pharmacokinetic predictions, suggesting a possible involvement of peripheral neural mechanisms in their triggering. In the present study, we examined changes in cortical electroencephalogram (EEG) and neck electromyogram (EMG) induced in freely moving rats by IV COC administration at low, reinforcing doses (0.25-1.0 mg/kg) and compared them with those induced by an auditory stimulus and IV COC methiodide, which cannot cross the blood-brain barrier. We found that COC induces rapid, strong, and prolonged EEG desynchronization, associated with decrease in alpha and increase in beta and gamma activities, and EMG activation and that both begin within 2-6 s following the start of a 10-s injection; immediate components of this effect were dose independent. The rapid COC-induced changes in EEG and EMG resembled those induced by an auditory stimulus; the latter effects had shorter onset latencies and durations and were fully blocked during urethane anesthesia. Although urethane anesthesia completely blocked COC-induced EMG activation and rapid components of EEG response, COC still induced EEG desynchronization that was much weaker, greatly delayed (ϳ60 s), and associated with tonic decreases in delta and increases in alpha, beta, and gamma activities. Surprisingly, IV saline delivered during slow-wave sleep (but not quite wakefulness) also induced a transient EEG desynchronization but without changes in EMG activity; these effects were also fully blocked during anesthesia. Peripherally acting COC methiodide fully mimicked rapid EEG and EMG effects of regular COC, but the effects at an equimolar dose were less prolonged than those with regular COC. These data suggest that in awake animals IV COC, like somato-sensory stimuli, induces cortical activation and a subsequent motor response via its action on peripheral neural elements and involving rapid neural transmission. By providing a rapid neural signal and triggering transient neural activation, such an action might play a crucial role in the sensory effects of COC, thus contributing to the learning and development of drug-taking behavior. electroencephalography; electromyography; arousal; sensory effects; ionic channels; reinforcement MANY IMPORTANT EFFECTS OF cocaine (COC), such as euphoria (14, 63), increase in arterial blood pressure (41), and peripheral vasoconstriction (6), occur either during or within seconds following an intravenous (IV) injection. Although it seems logical to assume that these centrally mediated effects result from the drug's direct interaction with brain substrates, the
unusually fast onset latencies of these responses are difficult to reconcile with the timing necessary for peripherally administered COC to reach brain vessels, cross the blood-brain barrier, diffuse in brain tissue, and interact with brain receptor sites. In contrast to pharmacodynamic predictions (55) , all of these effects are relatively transient, peaking well within the first postinjection minute, and they are mostly or entirely dose independent. Moreover, COC-induced euphoria, vasoconstriction, and a blood pressure increase remain generally intact during a dopamine (DA) receptor blockade (16, 23, 41, 49) , suggesting the importance of non-DA mechanisms.
Although COC has a high affinity to monoamine transporters (42, 44, 46) and these substrates are usually viewed as primary targets of its action in the brain (20, 60) , COC also interacts with various ionic channels (Na ϩ , K ϩ , Ca 2ϩ , possibly transient receptor potential (TRP); 9, 42, 43, 62) , which are abundantly expressed not only on central neurons, but on the terminals of sensory nerves (see Ref. 29 for review). These sensory nerves densely innervate blood vessels (35) and other primary locations of COC self-administration and its absorption (i.e., lung alveoli, intranasal space). Therefore, a direct interaction of COC with these ionic channels or other peripherally located neural substrates could produce an excitatory afferent signal that is rapidly transmitted to the central nervous system (CNS) via pathways engaged in transmission of visceral sensory information. Therefore, in addition to the direct action on brain substrates, COC might induce central effects indirectly via its action on sensory nerve terminals, involving neural transmission.
The similarity in several physiological effects induced by regular COC and its methiodide derivative that cannot cross the blood-brain barrier (50) supports this peripheral mechanism. With IV administration at equimolar doses, COC methiodide mimics acute cardiovascular and peripheral vasoconstrictive effects of COC (6, 13) , similarly increases brain and muscle temperatures (6) , and induces comparable phasic excitations of most striatal neurons in awake rats (24; see also Ref. 7) . Although procaine, a structurally similar local anesthetic with negligible effects on monoamine uptake (140-to 2,000-fold lower affinity to monoamine transporters vs. COC; 44) is not an addictive drug, like COC; with rapid IV administration it induces strong sensory and subjective effects in drug-naive individuals (48) and mimics acute COC-induced euphoria in drug-experienced individuals (2) . Similar to COC, IV procaine induces transient sympathoexcitation (40) , peripheral vasoconstriction, and elevations in brain and body temperatures (6) .
In this work we employed two traditional electrophysiological techniques, electroencephalography (EEG) and electromyography (EMG), to examine rapid effects of IV COC in freely moving rats and clarify their possible mechanisms. In contrast to previous studies in which EEG was used to characterize relatively slow COC-induced changes in CNS activity over relatively long time intervals (10, 18, 30 -32, 33) , our analysis was focused on the immediate effects of COC and data were quantified with a high temporal resolution (4-s bins). COC was delivered at low doses (0.25, 0.5, and 1.0 mg/kg), covering the range of detection and most self-administration studies. The effects of COC were compared with those induced by an auditory stimulus, which is known to induce cortical EEG desynchronization and phasic motor response. Since DA mechanisms play an important role in mediating the reinforcing effects of COC (44, 60) and could affect drug-induced responses, we also examined COC-induced changes in EEG and EMG during a full DA receptor blockade induced by a mixture of selective D1 and D2 DA antagonists (SCH23390 and eticlopride). We then examined how EEG and EMG effects of IV COC and an auditory stimulus are altered during general anesthesia, which is known to greatly attenuate or fully block neural and physiological responses to sensory stimuli. Finally, to directly verify the role of peripheral mechanisms in mediating the acute central effects of COC, we examined changes in EEG and EMG induced by IV COC methiodide, a peripherally acting COC derivative.
MATERIALS AND METHODS
Animals and surgery. Data were obtained from 14 male Long-Evans rats (400 Ϯ 50 g) supplied by Charles River Laboratories (Greensboro, NC). All animals were housed individually under standard laboratory conditions (12-h light cycle beginning at 07:00) with free access to food and water. Protocols were performed in compliance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health Publication 865-23) and were approved by the National Institute on Drug Abuse, Intramural Research Program Animal Care and Use Committee.
Each rat was surgically prepared for chronic EEG and EMG recording and implanted with a jugular IV catheter. Under general anesthesia (0.33 ml/100 g Equithesin; dose of 32.5 mg/kg pentobarbital sodium and 145 mg/kg chloral hydrate), each rat was implanted with three stainless steel screws threaded into the skull and two stainless steel electrodes implanted bilaterally in deep neck muscle. Screws with extension wires and gold pin connectors were purchased from Pinnacle Technology (Lawrence, KS), and each EMG electrode was prepared in-house from four insulated 50-m wires, which were twisted together. All of these wires were soldered to a gold pin connector, similar to that for the EEG electrode. After implantation, all connectors were inserted into a plastic socket and fixed with dental acrylic as a head assembly. During the same surgical session, each rat was implanted with a chronic jugular catheter, which was run subcutaneously to the head mount and secured with dental acrylic in the same head assembly. After a 3-4 day period of recovery and habituation to the experimental chamber, recording sessions were held once daily over the next 5-8 days. The top of the plastic socket was protected between sessions by a plastic cap.
EEG/EMG recording. EEG signals were recorded differentially, using two active screws threaded into the skull on the left side (A-L: 2-2 mm; P-L: 4 -1.5 mm; according to Ref. 38 ) and a reference screw implanted on the right side (A-L: 5-1.0 mm). The latter screw was also used as a reference electrode for differential EMG recording, with two active EMG electrodes implanted bilaterally in deep neck muscle. Electrical activity from EEG and EMG electrodes passed trough the preamplifier (Pinnacle Technology) incorporated inside of an extension cord and electrical swivel to the main amplifiers (models P15D and P55; Grass Electronics), which were used for additional signal amplification and filtering. EEG signals were filtered from 1 to 30 Hz, and EMG signals were filtered between 10 and 1,000 Hz. The filtered signals then entered a Micro 1401 MK2 interface (Cambridge Electronic Design, Cambridge, UK), allowing its acquisition, recording, and analysis using a Spike2 interface (Cambridge Electronic Design).
Experimental protocol. Experiments were conducted in an electrically insulated cage (38 ϫ 47 ϫ 47 cm) placed inside a sound-and light-attenuated plastic box (60 ϫ 56 ϫ 70 cm) under continuous weak light insulation (20 W) and in view of a small video camera mounted above the cage. After placement in the cage, the rat was connected to the recording cable and a plastic catheter extension. This catheter extension was connected to a liquid swivel and an additional catheter extension, allowing stress-free drug delivery from outside of the cage by minimizing detection of the IV injection procedure by the animal. Each rat was intensively habituated to the recording environment both before (2-3 daily sessions ϳ5-7 h each) and after (2-3 sessions) surgery. The first recording session was always an additional habituation session, during which the rat was observed and only sound stimuli were presented.
Each rat was exposed to several sound stimulations (clap) and IV saline injections (0.2 ml over 15 s) during the next two recording sessions. During the following two recording sessions, we examined the effects of COC in three doses (0.25, 0.50, and 1.0 mg/kg). While the latter two doses are traditionally used in self-administration experiments, COC at a 0.25 mg/kg dose is also detected by rats, self-injected, and induces significant locomotor activation (57, 58) . In each of these 2 days, only two doses were tested, and the rat received 1-3 injections at each dose. The intervals between injections were at least 60 min for low and moderate doses and at least 2 h for a high dose. As shown in our previous studies, physiological and behavioral effects of COC remain relatively stable following several repeated injections at these low doses and extended between-injection time intervals. To avoid sensory responses associated with catheter refilling or its change, the catheter was filled on each testing day with different COC solutions, and the dose increase was achieved by increasing the volume and duration of the injection. On the first testing day, COC was dissolved to deliver a 0.25 mg/kg dose in 0.15 ml (over 10 s) and a 0.50 mg/kg in 0.30 ml (over 20 s). On the next day, COC was dissolved to deliver a 0.50 mg/kg dose in 0.15 ml (over 10 s) and a 1.0 mg/kg dose in 0.30 ml (over 20 s). Therefore, 0.25, 0.5, and 1.0 mg/kg doses were delivered over 10, 15 (an average of 10 and 20 s), and 20 s, respectively.
We also examined how EEG and EMG changes induced by COC at a moderate dose (0.5 mg/kg over 15 s) are affected by a DA receptor blockade or general anesthesia. Some rats received both treatments with one free day in between, and other rats received only one treatment. DA receptor blockade was induced by a mixture of D1and D2-selective DA antagonists (SCH23390 and eticlopride, respectively), which have a high affinity to all types (D1-D5) of DA receptors (36) . These drugs were freshly dissolved in saline and delivered subcutaneously. At doses used (0.2 mg/kg for each drug or 0.7 and 0.6 M), combination of these two drugs provides effective blockade of DA transmission for at least 2 h as tested previously by the antagonism of striatal neuronal responses to iontophoretic DA (25) . At these doses, a SCH23390 and eticlopride combination fully blocks locomotor activation induced by IV COC (23) . In these tests, rats received at least one COC injection before and two injections after (ϩ40 and ϩ100 min) treatment. General anesthesia was induced by urethane (1.25 g/kg sc) and similarly, the effects of IV COC (0.5 mg/kg) were tested before and twice (ϩ60 and ϩ120 min) during urethane anesthesia. Control data for these two treatments were combined in one group, which was used for statistical comparisons. Two additional urethane-anesthetized rats were used to examine EMG and EEG effects of sensory stimuli and saline injections. The session with urethane was always the last recording session and, after the completion of testing, rats were euthanized.
In four separate rats, we examined changes in EEG and EMG induced by COC methiodide, a peripherally acting COC derivative.
This drug was obtained from the National Institute on Drug Abuse, Intramural Research Program and used at a 0.67 mg/kg dose, equimolar to the moderate dose of COC-HCl used in primary experiments.
Both sensory stimuli and injections were made when the rat was in quiet wakefulness or drowsiness/sleep state (see RESULTS) with no movements during the 60 s preceding injection. Cases in which we observed movements or sudden changes in EEG during the prestimulus period were removed from analysis. Such cases were more often encountered with COC, which at moderate and high doses slightly increased locomotion and increased the activity state for prolonged periods.
Data analysis. EEG and EMG signals were analyzed based on 6-min recording durations, with 1 min preceding and 5 min following drug or stimulus presentation. The following parameters were analyzed for each response: total power of EEG, total power of EMG, and change in the power of delta (2-4 Hz), theta (4 -8 Hz), alpha (8 -15 Hz), beta (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) , and gamma (29 -58 Hz) frequencies. Since EEG and EMG signals in individual rats differ in their magnitude, absolute values of total power were transferred into relative changes, taking a basal value (mean for 60-s preinjection) as 100%. Therefore, our data represent fluctuations in EEG and EMG total powers assessed with 4-s averaging bin. Changes in each individual EEG band were analyzed in percents with respect to the preevent baseline. While EEG and EMG total powers are integral indices of electrical activity, dependent upon both signal amplitude and frequency, the powers of individual EEG waves (each shown in %) reflect their respective proportions of EEG total power calculated for specified signal frequencies; the sum of all five EEG wave powers equals total EEG power (100%). Since EMG signals showed robust and highly variable increases following COC administration, its total power was analyzed statistically as natural logarithmic derivatives.
One-way ANOVA with repeated measures (followed by Fisher post hoc test) was used as a primary tool for evaluating statistical significance of EEG and EMG changes. Student's t-test was used for between-group comparisons. The use of the words "increase," "decrease," and "significant" means the presence of a statistically significant change in the parameter or differences between the compared groups or conditions (with at least P Ͻ 0.05) revealed by either ANOVA or Student's t-test. To simplify the text, most quantitative results of statistical comparisons are presented in figure captions.
RESULTS
Data described in this study were obtained in 14 rats during 54 recording sessions; 174 EEG and EMG responses were included in data analyses. These data will be presented in logical order that differs from the chronology of individual tests. First, we describe the EEG and EMG effects of COC and their changes during DA receptor blockade and general anesthesia. Second, we describe the effects of a simple sensory stimulus and their changes during general anesthesia. Third, we describe the effects of COC methiodide. Finally, we describe the effects of IV saline injections in freely moving, drug-free conditions and during urethane anesthesia.
Rats habituated to the experimental environment were typically generally inactive during daytime recording (10:00 -16: 00), showing transient periods of comfort behaviors (slight locomotion, chewing, yawning, grooming) within more prolonged periods of full inactivity verified by video monitoring. These periods of motor inactivity maintained for Ͼ 60 s were used as baseline for presentation of a sensory stimulus and IV injections. The EEG signal during these periods typically showed high-amplitude, low-frequency fluctuations (slow-wave sleep) periodically interrupted by brief desynchronized activity of lower amplitude and higher frequency.
EEG and EMG responses to IV COC administration in freely moving rats. IV COC administration induced rapid, powerful, and prolonged changes in EEG and EMG at each dose tested ( Fig. 1 ). EEG total power decreased to its minimum within the injection interval and remained at these levels for at least the next 5 min. Averaged EMG had a similar but inverted pattern, rapidly increasing during the injection and remaining increased for the entire analysis interval. Time to the peak of the EMG signal was longer than that for the EEG, and the maximal increase (10 -20 fold vs. baseline) was seen at 20 -32 s after the start of injection. The pattern of EEG and EMG responses was similar for each dose tested, and the EEG changes were maximal for the largest, 1.0 mg/kg dose. The EMG response was strong and quantitatively similar at each dose (ϳ8-to 10-fold increase). As shown in Fig. 2 (S78-D-1), EEG and EMG changes induced by IV COC at a moderate dose had short onset and both signals remained affected for a long time, exceeding the 5-min postinjection analysis interval.
As shown in the Table 1 , COC at each dose had a highly significant effect (P Ͻ 0.001) on both EEG and EMG total powers calculated separately for the two time intervals following the injection (immediate change: 0 -20 s and long-term change: 0 -180 s). In each case, the effects were strong and dose-independent within the first three postadministration minutes.
COC injection induced three principal changes in EEG wave activity ( Fig. 3 ). First, beta activity rapidly, but transiently, increased during and immediately after the injection (0 -12 s), but then slowly decreased for a prolonged time. While the phasic increase was dose independent, the tonic decrease became stronger and more prolonged with a dose increase. Second, COC induced a rapid and strong increase in gamma activity; the effect peaked during the injection but was maintained at significantly increased levels for the entire recording interval. While comparable in amplitude and duration at each dose tested, gamma activation appeared to be maximal at the highest dose. Third, alpha activity decreased after IV COC injection; in contrast to rapid changes in beta and gamma activities, this effect was less phasic, peaked at 1-2 min postinjection, and was more prolonged. COC also induced a tonic increase in theta and tonic decrease in delta activities, which became stronger as the dose was increased.
EEG and EMG responses to IV COC during DA receptor blockade and urethane anesthesia. As shown in Fig. 4A , DA receptor blockade has no significant effect on rapid changes in the EEG signal induced by IV COC. Similar to control conditions, COC induced a rapid and strong decrease in EEG total power after the DA antagonist treatment. However, there were small between-group differences. The decrease in EEG total power in this group was slightly slower than that in controls and had a tendency to recover within the observation period. From ϳ60 s after COC injection, the decrease became weaker than in control, and between-group differences became noticeable. The mean COC-decrease in EEG total power in the DA antagonist group was significantly weaker than in control from the second minute postinjection (51.02 Ϯ 2.11 vs. 38.22 Ϯ 1.46%), after which the difference became stronger. While similarly rapid, the EMG response to COC during DA receptor blockade ( Fig. 4B ) was also slightly weaker (at peak: 8-fold vs. 16-fold in control) and more transient, disappearing at ϳ270 s postinjection, while the increase in the EMG signal in the control group was relatively stable during the entire observation interval. These between-group differences in the relative increase in EMG activity could be at least partially related to a higher basal EMG activity seen after the DA antagonist treatment (2.44 Ϯ 0.15 vs. 2.31 Ϯ 0.22). Since rats were generally adynamic during DA receptor blockage, an increased EMG total power results from tonic increases in EMG activity.
Statistical analysis of mean changes (see Table 1 ) revealed that COC has a significant effect on both EEG and EMG total powers during a DA receptor blockade. However, this effect was significantly weaker than that for drug-free controls as both an immediate and long-term change.
Despite a clear locomotor hypoactivity evident following administration of DA antagonists, there were minimal changes in the basal EEG wave spectrum (compare baselines in Fig. 5 , left and middle). However, statistical analysis revealed a significant decrease in alpha (26.42 Ϯ 1.31% vs. 30.10 Ϯ 1.35%, P Ͻ 0.05) and increase in beta and gamma activities (11.90 Ϯ 1.23% and 2.60 Ϯ 0.34% vs. 9.03 Ϯ 0.64% and 1.66 Ϯ 0.16%, respectively; both P Ͻ 0.05) in this condition compared with controls. Similarly weak between-group differences were found in changes of individual EEG waves ( Fig. 5 ). All three major changes seen with COC in control (decrease in alpha and increase in beta and gamma activity) were evident when the drug was injected during DA receptor blockade. However, changes in alpha and gamma activity were weaker and much shorter, being evident for the first 40 and 120 s, respectively. Although beta activity transiently increased during the injec-tion in both conditions, the subsequent decrease in beta waves seen in the control was absent during the DA receptor blockade. In contrast, beta activity has a tendency for tonic increases in this condition. Treatment with DA antagonists also fully blocked a tonic increase in theta activity induced by COC in control conditions. Urethane anesthesia dramatically affected EEG and EMG responses induced by IV COC (Fig. 4 , C and D). Instead of a rapid decrease in EEG total power occurring during the injection, this integral parameter decreased slowly, being significantly different from the baseline from ϳ 50 s after the injection and minimal at the end of the analysis interval (5 min). Thus, between-group differences were most pronounced immediately after the injection and abated by the end of the observation period (see Table 1 ). COC induced no changes in EMG during anesthesia (Fig. 4D ); between-group differences (anesthesia vs. control) were highly significant for both time intervals following drug administration (see Table 1 ).
As can be seen in Fig. 5 (baseline before drug injection), anesthesia dramatically changed the EEG power spectrum distribution with a robust increase in delta activity (49.54 Ϯ 5.45% vs. 20.39 Ϯ 1.45%, P Ͻ 0.001) and strong decreases in alpha and beta activity (6.91 Ϯ 0.68% vs. 30.10 Ϯ 1.35% and 5.24 Ϯ 0.66% vs. 10.00 Ϯ 0.65%; both P Ͻ 0.001). COC used during anesthesia ( Fig. 5 , right) did not induce any phasic changes in individual EEG waves after the injection, resulting in a full blockade of beta and gamma activation and alpha inhibition induced by COC in drug-free conditions. However, delta activity tonically decreased and theta activity tonically increased with ϳ1-min onset latencies. All three waves that showed robust COC-induced changes in freely moving conditions (alpha, beta, and gamma) slightly increased starting from 1-2 min after the injection during anesthesia.
EEG and EMG responses to a sensory stimulus; effects of anesthesia. Being presented during periods of synchronized EEG activity and motor inactivity, an auditory stimulus (clap) elicited rapid, strong, and relatively long-term changes in EEG and EMG (Fig. 6 ). EEG total power rapidly decreased after stimulus presentation, peaking at the first or second poststimulation values (2-6 s) and returning slowly to baseline for the next 2 min (Fig. 6A ). EMG total power had a similar but inverted pattern, rapidly increasing immediately after clap (16-fold increase at peak) and slowly decreasing after (Fig.  6B ). Statistical analysis (see Table 1 ) revealed that the immediate changes (0 -20 s) induced by an auditory stimulus in EEG and EMG total powers are comparable in amplitude to those induced by IV COC. However, the effects of COC are much longer than those of a clap, resulting in significant differences in the long-term time scale (0 -180 s). An original example of EEG and EMG responses induced by clap is shown in Fig. 2  (S75-B-7 ). In this case, EEG signal has a high-amplitude, slow-wave activity and low-magnitude EMG activity in baseline. These signals rapidly changed after clap and slowly restored from ϳ20 -30 s after sound stimulation.
Three prominent changes induced by an auditory stimulus were found during quantitative analyses of EEG spectra (wave analysis; Fig. 7, left) . While beta and gamma activities rapidly increased, alpha activity rapidly decreased. These effects were evident during the first postclap data point (0 -4 s) and peaked at the second data point (4 -8 s). Beta activation was most rapid and shortest in duration (2-16 s), while decreases in alpha and increases in gamma activities were more prolonged (2-80 s). These latter two waves showed inverted relationships with longer tails toward the prestimulus baseline. While sensory stimulus mimicked the pattern of changes in individual EEG waves seen with COC, these changes were shorter. For example, clap-induced gamma activation was comparable to that of COC in its amplitude, but it gradually decreased toward baseline. Increases in theta and decreases in alpha power were also more transient than those seen with COC.
In sharp contrast to freely moving conditions, the clap did not induce any significant changes in EEG and EMG signals during urethane anesthesia (Fig. 6, right and Table 1 ). Total powers of both EEG and EMG remained very stable with a tendency of increased variability during the 5-min poststimulation interval. Although urethane anesthesia resulted in dramatic changes in individual EEG waves, they show no phasic changes after clap presentation in this condition.
Changes in EEG and EMG induced by IV administration of COC methiodide. COC methiodide delivered IV at a moderate dose (0.67 mg/kg), equimolar to 0.5 mg/kg dose of COC-HCl, mimicked this drug in its ability to induce rapid EEG desynchronization and EMG activation (see Fig. 8 and Table 1 ). The EEG total power rapidly decreased from the first data point, remained low during the next 3 min, and slowly disappeared afterward. While there were no significant differences in this effect between the two COC derivatives for both the immediate and long-term scales (see Table 1 ), the effect of COC methio- Fig. 2 . Original examples of EEG and EMG activity (V at final amplification) recorded in freely moving rats following clap, intravenous COC, and saline injections. Onset (on) and offset (off) of the injection (15 s) is shown with vertical hatched lines. Data were obtained in 3 different rats (S75B7, S78D1, S77B3; first 3 symbols show rat number, the next symbol is session number, and the last symbol is the test number). While intravenous saline injection in many cases did not induce evident EEG changes, the example (S77B3) demonstrates a typical desynchronization when the injection was performed during a prolonged episode of slow-wave sleep.
dide was clearly less prolonged, with a significantly weaker decrease vs. regular COC at the last minute of analysis (72.94 Ϯ 4.47 vs. 36.47 Ϯ 0.76%, P Ͻ 0.01).
As shown in Fig. 8 and Table 1 , COC methiodide also mimicked regular COC-HCl in its ability to increase EMG activity rapidly and strongly. The averaged curves for both COC derivatives were virtually identical, and mean data were similar for both time scales. Similar to EEG, the effect of COC methiodide was somewhat shorter, with a weak but significant difference in mean EMG power vs. regular COC at the last minute of analysis (6.19 Ϯ 0.05 vs. 6.68 Ϯ 0.04; P Ͻ 0.01).
COC methiodide also mimicked regular COC-HCl by the pattern of changes in individual EEG frequencies ( Fig. 9 ). All three basic desynchronization features, decrease in alpha and increases in beta and gamma activities, revealed with regular COC were also seen with COC methiodide. However, the beta response was monophasic without the subsequent decrease typical of COC-HCl. Similar to COC-HCl, COC methiodide tonically increased theta frequencies and had no effects on delta activity.
Effects of IV saline administration in freely moving conditions and their changes during anesthesia. In some tests, the EEG signal was clearly affected by the IV saline injection. The changes were typically evident when the injection was performed during high-amplitude, slow-wave activity (slow-wave sleep) and visually manifested as a transient decrease in signal amplitude with increase in its frequency. In contrast to clap, this transient EEG desynchonization was typically not associated with any changes in the EMG signal or observable changes in motor activity. When saline was injected at the EEG baseline with alternating episodes of slow-wave sleep and more desynchronized activity typical of quiet wakefulness, the EEG signal showed no evident changes. The example shown in Fig. 2 (S77-B-3 ) demonstrates rapid EEG desynchronization following IV saline injection delivered during a prolonged period of slow-wave sleep. Note that clear changes in the EEG signal were not accompanied by any change in the EMG signal. Figure 10A shows mean changes in EEG total power following IV saline injection in a relatively large data sample (n ϭ 30). Despite high signal variability, this integral parameter significantly decreased from the second to seventh data points (6 -26 s) and then returned to baseline. The effect of saline injection was also evident during statistical analysis (see Table 1 ). Although the mean values of EEG total power significantly decreased during and immediately following the injection (0 -20 s), the decrease was significantly lower than that for COC at each dose (62.54 Ϯ 5.57% vs. 31.82 Ϯ 2.78% for COC at 0.25 mg/kg, P Ͻ 0.001). While the effect of COC on the EEG signal persisted during the entire analysis interval, the effect of saline was absent on a longer time scale. In contrast, EMG total power did not change after IV saline injection. Similar to clap, EEG response elicited by IV saline administration was not observed during anesthesia. While not significant, EEG total power slightly increased after saline administration in anesthetized rats.
The effects of saline injection were also evident in wave analysis ( Fig. 7) . Similar to clap, alpha activity decreased and gamma activity increased after the injection, but both effects were weaker. They were also much weaker than those seen with COC. Beta activity also showed a weak but significant increase, but its pattern was different that that seen with clap and COC. In contrast to the very rapid and strong increase induced by either clap or COC, this increase was seen at 26 -46 s after the start of saline injection. Delta and theta activities did not show any changes following saline administration.
DISCUSSION
Cortical EEG and neck EMG were used in this study as two sensitive physiological parameters to characterize rapid central effects of IV COC and clarify their possible mechanisms. The neurophysiological mechanisms underlying EEG activity and its fluctuations have been the subject of discussion for years (see Refs. 8 and 19 for review), yet it is clear that EEG provides an objective measure of the variable CNS activity state, which is affected by various arousing challenges and drugs. Consistent with classic observations (34, 47), our Table 1 present study revealed rapid and profound changes in cortical EEG following auditory stimulation. Being presented during high-amplitude EEG fluctuations typical of drowsiness and sleep, a clap caused an immediate decrease in signal amplitude and increase in its frequency (see Fig. 2 and 6 ). This effect, usually defined as an event-related desynchronization, manifested as a rapid decrease in EEG total power, associated with a fall in low-frequency alpha activity and a rise in highfrequency beta and gamma activities (see Fig. 7 ). These changes peaked within the first poststimulus data bin (0 -4 s) and progressively dissipated within the subsequent 60 s. Stimulus-induced EEG desynchronization was tightly related to EMG activation, which followed the changes in brain activity. This shift was expected, obviously reflecting a time delay between neural activation and change in muscular activity triggered by this activation. Clap-induced EEG desynchronization and EMG activation were fully abolished during general anesthesia, which resulted in full motor inactivity and profound redistribution of basal EEG waves. Although urethane is a weaker central inhibitor than other general anesthetic drugs (i.e., barbiturates, chloral hydrate) and is unable to fully block EEG desynchronization induced by strong visceral and somatic "noxious" stimuli (12, 21, 34) , disappearance of the EEG response to weak, auditory stimulation is consistent with its mechanism of action and previous observations (34) .
. Rapid and long-term changes in electroencephalogram (EEG) and electromyogram (EMG) total powers induced by intravenous administrations of cocaine (COC)-HCl, COC-methiodide, and saline as well as by clap in drug-free, freely moving conditions, during dopamine (DA) receptor blockade and urethane anesthesia
Surprisingly, the cortical EEG signal was affected by IV saline injection. When the rat was fully inactive and showed large-amplitude EEG fluctuations (slow-wave sleep), saline injection typically induced a transient decrease in EEG total power, with a drop in alpha activity and a rise in beta and gamma activities, a pattern seen with an auditory stimulus. However, EMG did not show any changes in this case. In contrast, when the rat was in quiet wakefulness and basal EEG signal was more desynchronized, the EEG signal did not change at all following saline injection. Therefore, this finding suggests that the IV saline administration is detected by animals and results in transient EEG desynchronization, but only in freely moving conditions during slow-wave sleep. Since our protocol excluded the possibility of additional sensory stimuli associated with the procedure of IV injection, it appears that changes in pressure or/and temperature are likely factors that trigger this transient EEG response. In addition to its transient nature and differences in individual EEG waves, EEG desynchronization induced by IV saline drastically differed from a strong and prolonged EEG response induced by clap and COC; the latter response was always associated with robust phasic and tonic changes in EMG. While this finding was unexpected, it suggests that EEG is sensitive to detect both spontaneous fluctuations in the CNS activity state and transient desynchronization episodes induced by weak visceral sensory stimuli. The initial drowsiness/sleep state is obviously an important factor in revealing these weak responses.
The primary finding of this study is that IV COC induces very rapid, strong, and prolonged changes in EEG and EMG in freely moving rats. The rapid components of these changes basically mimicked those induced by sensory stimuli and were dose independent. They were fully blocked during urethane anesthesia but were generally unaffected by a DA receptor blockade. Although it is difficult to make a clear distinction, COC also induced more prolonged, tonic changes in EEG, which were affected by the DA receptor blockade, and remained (although in a changed pattern) during urethane anesthesia. Based on these data, it could be hypothesized that these two superimposed effects reflect different drug actions, with different underlying mechanisms. While the prolonged and COC-specific effects could reflect a direct drug action on brain substrates ("true" pharmacological effects), the nature and mechanisms underlying rapid, "sensory" effects of IV COC remain more obscure.
Cocaine-induced EEG desynchronization and its general mechanism. While the cellular mechanisms underlying cortical EEG desynchronization are a matter of discussion (see 19, 53 for review), it is clear that this electrophysiological phenomenon reflects CNS activation, which could be triggered by various salient environmental stimuli, ranging from simple sensory to noxious somatic or visceral challenges. While the neural pathways conveying sensory afferent signals differ depending upon the stimulus' modality and strength, these signals converge to a number of subcortical structures, primarily the nuclei of the reticular formation and thalamus, finally resulting in generalized neural activation (52) . Cortical EEG desynchronization could also occur "spontaneously" during transition from the slow-wave sleep to either active wakefulness or paradoxical sleep. Since IV COC injection mim- As assessed by ANOVA with repeated measures (for 120 s poststimulation with a basal value ϭ mean for 60 s prestimulus), clap induced significant and strong effects on EEG and EMG in freely moving conditions (F20,650 ϭ 6.98 and 11.43; both P Ͻ 0.001) but no effect on either parameter during general anesthesia (F10,340 ϭ 0.94 and 0.84; P ϭ 0.55 and 0.71, respectively). Black symbols show values significantly different (Fischer test) from baseline (mean for 1 min preceding stimulation). Data were compiled from 21 and 11 clap presentations. ics a sensory stimulus in its ability to induce rapid EEG desynchronization and EMG activation, it appears that it has a similar central excitatory action, inducing a generalized neural activation.
In support of this sensory mechanism, rapid EEG and EMG effects of both an auditory stimulus and IV COC were fully blocked during urethane anesthesia. Anesthesia also almost fully blocked excitatory responses of striatal and accumbal neurons induced by both somato-sensory stimuli (tail touch and tail pinch) and IV COC (24) . Although DA antagonists at doses providing an effective blockade of all DA receptors completely blocked locomotor stimulation induced by IV COC (23) , this treatment minimally affected rapid COC-induced EEG and EMG responses, suggesting their non-DA nature. This treatment also failed to block the initial pressor effects of IV COC (22, 41) . While this effect is centrally mediated (27) , arterial blood pressure peaks at ϳ10 s following an IV COC injection, with a subsequent significant decrease toward baseline within the first postinjection minute (41) . Despite different triggering mechanisms, the acute pressor effect of COC was similar to that elicited by arousing somato-sensory stimuli such as sound, light, and tactile stimulation (54) . Similar to an apparent lack of dose dependency in the immediate effects of COC on EEG and EMG, acute increases of arterial blood pressure induced by IV COC were equally strong at 0.25 and 2.0 mg/kg doses (41) , which cover the entire range of drug self-administration. In contrast, subsequent tonic blood pressure elevations induced by IV COC were dose dependent and attenuated by a DA receptor blockade. IV COC also induced surprisingly rapid drop in skin temperature (ϳ20 s from the injection start; 23), suggesting acute peripheral vasoconstriction (4), another cen- Fig. 9 . Mean changes in individual EEG frequencies (%total power for delta, theta, alpha, beta, and gamma waves) following intravenous administration of COC methiodide shown together with those induced by regular COC-HCl at equimolar dose (reproduced from Fig. 5 for comparison) . Similar to Fig. 3 , vertical and horizontal hatched lines in each graph show the start of injections and basal values, respectively. ANOVA values for the effect of COC methiodide are delta: F18,588 ϭ 0.78, NS; theta ϭ 3.25, P Ͻ 0.001; alpha ϭ 2.08, P Ͻ 0.01; beta ϭ 2.84; P Ͻ 0.001; gamma ϭ 3.82, P Ͻ 0.001. Values significantly different from baseline are shown by black symbols. trally mediated effect of COC (17, 56) that is mimicked by various arousing somato-sensory stimuli (3, 4, 51) . Rapid, transient skin hypothermia induced by IV COC (1 mg/kg) was both quantitatively and qualitatively similar to that induced by arousing stimuli (i.e., tail-pinch, social interaction), and it was unaffected by a DA receptor blockade (23) .
While the ultrafast response dynamics, basic similarity in the response pattern to a sensory stimulus, and dramatic attenuation by anesthesia point toward the peripheral neural triggering of EEG desynchronization and EMG activation induced by IV COC, our tests with COC methiodide were critical to prove this basic mechanism directly. Because of chemical structure modification, this COC derivative fails to cross the blood-brain barrier, thus acting entirely in the periphery. Despite this principal difference, this drug used at low (0.67 mg/kg or ϳ1.4 M) doses, mimicked all basic fast-acting effects of regular COC-HCl, inducing equally rapid and strong EEG desynchro-nization (with quite similar changes in individual EEG bands) and EMG activation. Moreover, in contrast to regular COC, its methiodide derivative has much lower affinity to DA, norephinephrine, and serotonin transporters (30 to 60-fold; 1, 45), adding more evidence for the role of ionic channels on sensory nerve terminals as critical interaction substrates. In contrast to the CNS, where all three monoamine transporters are expressed abundantly, only norephinephrine transporters are present on peripheral neural elements and their involvements seems unlikely in light of very small COC doses (0.7-3.0 M) and ultrafast response dynamics.
COC action on peripheral non-DA neural substrates as a possible trigger of its rapid central effects. While this study provides abundant evidence for the peripheral neural triggering of ultrafast electrophysiological effects of IV COC, the nature of affected substrates remains less clear. It is known that peripheral vessels, especially the veins, are densely innervated show basal values (100% for both EEG and EMG). As assessed by ANOVA with repeated measures (for 120 s poststimulation with a basal value ϭ mean for 60 s prestimulus), intravenous saline administration induced a significant effect on EEG in freely moving conditions (F29,929 ϭ 2.96) but no effect during anesthesia (F10,340 ϭ 0.96, P ϭ 0.59). The effect of intravenous saline on EMG was not significant in both conditions (F29,929 ϭ 0.96, P ϭ 0.54 for freely moving and F11,371 ϭ 1.02, P ϭ 0.44 for anesthetized conditions). Black symbols show values significantly different (Fischer test) from baseline (mean for 1 min preceding stimulation). Data were compiled from 30 and 12 saline injections. by terminals of sensory nerves (35) that express various ionic channels (Na ϩ , K ϩ , Ca 2ϩ , TRP) (see Ref. 29 for review). Although COC binds with a high affinity to all these types of ionic channels (9) , based on the high affinity (ED 50 ϭ 5-7 M), ultrafast dynamics, and the pattern of action, K ϩ channels could be the most probable substrate that is able to produce ascending afferent signal (15, 42, 62, 64) . Indirect data on other local anesthetics also suggest that TRP channels could be another possible substrate (5, 39) . In contrast to COCinduced inhibition of Na ϩ channels that slows and eventually blocks neural activity (26) and nerve conductance (9), inhibition of K ϩ channels could increase neural activity (11) , thus triggering excitatory neural drive from the periphery, which is rapidly transmitted to the CNS via pathways engaged in transmission of visceral somato-sensory information.
Although COC's affinity to monoamine transporters (K i between 0.15-1.60 M for different transporters; 44, 45) clearly exceed that for ionic channels, IV administration results in very quick and strong increases in blood COC levels. If IV-administered COC is equally distributed in blood plasma (ϳ15 ml for a 400 g rat; see Ref 28) , its levels could reach 54 -218 M with 0.25-1.0 mg/kg doses. Since the drug is injected as a high-concentration bolus, actual local levels inside blood vessels could transiently reach even higher concentrations. Such levels greatly exceed COC's affinity to most types of ionic channels, which fluctuate within a 5-100 M range (43, 59, 61) . The issue of primary neural substrates that could be affected by COC in the periphery is a complex one and could be clarified in special experiments, using other techniques and experimental paradigms.
Relationships between rapid sensory and slow pharmacological effects of COC. In addition to rapid EEG desynchonization and an acute EMG response, IV COC also had certain unique effects that were absent with sensory stimuli and peripherally acting COC methiodide. However, it is difficult to distinguish these COC-specific effects from its nonspecific effects shared with other arousing stimuli. Although general anesthesia almost fully blocked phasic electrophysiological effects of both sensory stimuli and IV COC, the drug slowly decreased delta and increased theta, alpha, beta, and gamma activities during urethane anesthesia (see Fig. 5 ). These effects appeared with ϳ1to 2-min latencies and were relatively weak and prolonged. EEG total power also decreased by IV COC during anesthesia, but this steadily decreasing effect reached significance only ϳ60 s after the injection (see Fig. 4 ). Although in agreement with a previous work (37), these changes could be viewed as a reflection of the activating effects of COC under anesthesia, pointing at central neural substrates in their mediation, urethane anesthesia resulted in dramatic redistribution of EEG waves not seen under natural conditions. Therefore, it is unclear to what extent these changes could reflect true pharmacological effects of COC occurring under behavioral conditions. It could be of interest to find a way of blocking the rapid sensory actions of COC and examine its physiological and behavioral effects, which are mediated via its action on monoamine transporters. However, because of multiple substrates simultaneously affected by COC, this task is quite difficult to accomplish. It is also unclear how the behavioral and physiological effects of this drug will be altered if its rapid, arousing effects will be somehow eliminated.
Perspectives and Significance
Our present data indicate that IV COC induces very rapid central excitatory effects and suggest that these effects could be triggered via drug interaction with peripheral, nonmonoamine neural substrates. Therefore, in addition to the direct action of COC on centrally located neural substrates (monoamine transporters, neuroreceptors, ionic channels), it could indirectly affect neural activity by interaction with peripheral neural elements at primary locations of drug administration (i.e., vessels, lung alveoli, intranasal space). Although COC's interaction with brain substrates, particularly monoamine transporters, is essential in mediating its unique psychoactive and reinforcing effects, these effects appear to be modulated and may critically depend on drug interaction with peripheral sensory systems that trigger an ascending neural drive and induce a generalized neural activation. By providing a rapid neural signal and triggering transient neural activation, such an action might play a crucial role in the sensory effects of COC, thus contributing to the learning and development of drugtaking behavior.
